Many of these structures contain benzene nuclei. Fission of the nucleus is catalyzed by microbial dioxygenases acting upon substrates that contain, as a minimum, two phenolic hydroxyl groups. These may be attached to adjacent carbon atoms, as in catechols, and the nucleus can then be cleaved by ortho or meta fission enzymes, or the hydroxyls may be placed across the nucleus in para positions, as in gentisic and homogentisic acids. For any one of the naturally occurring catechols, the enzymes of its pathway of catabolism are usually substrate specific. Thus, the meta fission enzymes for catechol (2, 4, 20) do not degrade 4-carboxycatechol (protocatechuic acid; 5, 7), and neither pathway includes enzymes that degrade 4-carboxymethylcatechol (homoprotocatechuic acid; 14, 21). The ortho fission pathways for catechol and protocatechuate (15, 16, 18) 
(gallic acid) were present in cell extracts of Pseudomonas putida when grown with syringic acid, and gallate was degraded by reactions associated with meta fission. One of the two gallate dioxygenases also attacked 3-O-methylgallic acid; the other, which did not, was induced when cells were exposed to gallate. This organism possessed ortho fission enzymes, including protocatechuate 3,4-dioxygenase (EC 1.13.11.3) and cis,cis-carboxymuconate-lactonizing enzyme (EC 5.5.1.2), after induction with 3,4-dihydroxybenzoic acid (protocatechuic acid). Gallate was a substrate for protocatechuate 3,4-dioxygenase, with a Vmax about 3% of that of protocatechuate and with an apparent Km slightly lower. Gallate was a powerful competitive inhibitor of protocatechuate oxidation.
The continuous operation of the earth's carbon cycle depends in part upon the ability of microorganisms to degrade chemical structures that are not attacked by other living forms. Many of these structures contain benzene nuclei. Fission of the nucleus is catalyzed by microbial dioxygenases acting upon substrates that contain, as a minimum, two phenolic hydroxyl groups. These may be attached to adjacent carbon atoms, as in catechols, and the nucleus can then be cleaved by ortho or meta fission enzymes, or the hydroxyls may be placed across the nucleus in para positions, as in gentisic and homogentisic acids. For any one of the naturally occurring catechols, the enzymes of its pathway of catabolism are usually substrate specific. Thus, the meta fission enzymes for catechol (2, 4, 20) do not degrade 4-carboxycatechol (protocatechuic acid; 5, 7), and neither pathway includes enzymes that degrade 4-carboxymethylcatechol (homoprotocatechuic acid; 14, 21) . The ortho fission pathways for catechol and protocatechuate (15, 16, 18) and the degradative routes for gentisate (12, 13) and homogentisate (1, 3) (25) found 'that, when Pseudomonas testosteroni was grown with 3-hydroxybenzoate, enzymes for both the gentisate and protocatechuate pathways were induced to high levels. However, the protocatechuate route was the only one used, because the cells did not possess a 6-hydroxylase required to form gentisate, whereas a mutant lacking the 4-hydroxylase failed to grow with 3-hydroxybenzoate. Pseudomonas acidovorans takes the homogentisate pathway when grown with 4-hydroxyphenylacetic acid (11) , whereas other species use the catabolic route through homoprotocatechuate (21) . In the present work we show that P. acidovorans can also elaborate the enzymes for degrading homoprotocatechuate, but this strain does not appear to possess the 3-hydroxylase needed to take 4-hydroxyphenylacetate through this sequence. We also found that Pseudomonas putida degraded 4-hydroxybenzoate and protocatechuate by ortho fission reactions as anticipated (23) Assays of enzymatic activities. Homoprotocatechuate 2,3-dioxygenase (enzyme 3, Fig. 1 ) was assayed by following the increase of absorbancy at 380 nm due to appearance of the ring-fission product (e = 38,000 at pH 7.5). In the absence of added nicotinamide adenine dinucleotide (NAD), removal of the ring-fission product by its dehydrogenase was very slow, but, when measurable, a correction for this decrease was made. Cuvettes contained, in 1.0 ml, 100 Mmol of 0.1 M K+-Na+ phosphate buffer, pH 7.5, and 0.02 Mmol of HPC; reactions were started by adding sufficient cell extract (0.115 to 1.45 mg of protein) to provide a convenient rate of increase in absorbancy. The NAD-dependent dehydrogenase for the ring-fission product (enzyme 4) and 4-hydroxy-2-ketopimelate aldolase (enzyme 5) were assayed as described previously (21) .
Homogentisate 1,2-dioxygenase (enzyme 1, Fig. 1 Fig. 2 ), gallic acid (enzyme 2), and PC (enzyme 3) were measured with an oxygen electrode operated as described previously (5, 21) . The substrates (0.1 to 0.3 gmol) were added to 1.5 ml of 0.05 M tris(hydroxymethyl)aminomethane-hydrochloride buffer, pH 8.0, and reactions were started by adding cell extract. The oxygen electrode was also used for enzyme kinetic studies with pure, crystalline protocatechuate 3,4-dioxygenase. cis-cis-Carboxymuconate-lactonizing enzyme (enzyme 4, Fig. 2 ) was assayed by the method of Ornston (15) . The production of pyruvate from gallate by cell extracts was determined essentially as previously described (21) by following the decrease in absorbance at 340 nm due to oxidation of reduced NAD.
The sources of chemical compounds were those given in previous publications (11, 21, 24 
RESULTS
Metabolism of 4-hydroxyphenylacetic acid and homoprotocatechuic acid by P. acidovorans. Rates of oxidation, using 5 gmol of each substrate and 4 mg (dry weight) of cells, were measured and compared for P. acidovorans when (i) grown with 4-HPA and (ii) induced to HPC as described above. In experiment (i) the rates (microliters of 02 per min) were: 4-HPA, 7.1 and HPC, 1.0. In (ii) rates were: 4-HPA, 1.5 and HPC, 9.0. The specific activities of enzymes present in extracts of these cells, and also succinate-grown cells, were measured (Table 1) . Comparison shows that activities of enzymes 3, 4, and 5 ( Fig. 1) were much higher in extracts from cells exposed to HPC than in those from cells grown with succinate or 4-HPA as sole carbon sources. However, although induction to HPC did not increase levels of enzymes 1 and 2 ( Fig. 1) , these enzymes were strongly induced by 4-HPA in accordance with previous findings that this organism uses the homogentisate pathway for degrading 4-HPA (11) .
Metabolism of protocatechuic and gailic acids by P. putida. Protocatechuate and gallate were added separately to cultures of P. putida during exponential growth with succinate, and enzymes present in cell extracts that catalyzed reactions shown in Fig. 2 were assayed. Rates of formation of pyruvate from gallate were also determined, and these various enzymatic activities were compared with those present in cells grown, respectively, with succinic, 4-hydroxybenzoic, and syringic acids as sole carbon sources (Table 2 ). 4-Hydroxybenzoate-grown cells contained at least 60 times more protocatechuic 3,4-dioxygenase (enzyme 3, Fig. 2 ) and 13 times more cis,cis-carboxymuconate lactonizing enzyme (enzyme 4) than those grown with succinic or syringic acids, or adapted to gallic acid. These enzymes were also induced, though less strongly, by exposure to protocatechuate for the period of time used. Only cells grown with syringic acid or adapted dissolved. Fractions (4.5 ml) were eluted with this buffer and assayed for activity against gallic acid and 3-O-methylgallic acid (Fig. 5) . readily with L-tyrosine as a carbon source, has possessed the enzymes for utilizing this amino acid from early times, and that the enzyme 4-hydroxyphenylacetic acid 1-hydroxylase was a later acquisition which, by forming homogentsate, enabled the organism to use this pre-existing pathway for the purpose of catabolizing 4-hydroxyphenylacetic acid. We found that P. putida possesses enzymes that catalyze ortho and meta fission pathways for closely related phenolic compounds. Thus, we confirm that dioxygenases present in syringate-grown cells (24) attack gallate to give a metabolite that is also formed by meta fission reactions when P. testosteroni degrades protocatechuate to pyruvate (Fig. 2 ). Previous work with P. putida ascribed the oxidation of gallate to a single enzyme (24), but we found that two gallate dioxygenases were present in extracts of syringate-grown P. putida: one of these enzymes also oxidized 3-0-methygallic acid but the other, which could be induced specifically by exposing cells to gallate, did not attack the methyl ether. Neither of these dioxygenases was found to attack protocatechuate and, when P. putida was grown with 4-hydroxybenzoate, protocatechuate was degraded by ortho fission. By contrast, P. testosteroni degrades protocatechuate by meta fission. The enzyme is designated protocatechuate 4,5-dioxygenase (EC 1.13.11.8) and the substrate named was the first one to be investigated (5), but cells grown with 4-hydroxybenzoate, and extracts made from them, oxidize protocatechuate and gallate equally well (24) . Therefore, it is conceivable that this enzyme was evolved to metabolize gallate in the first instance, and then, by recruiting one enzyme (an aldehyde dehydrogenase for the ring-fission product), protocatechuate was brought into the meta fission pathway that functioned for gallate (Fig. 2) . The latter compound is abundant in nature, either free or combined, and we find that gallate, and other 3,4,5-trihydroxy-substituted aromatic acids or their methyl esters, are readily utilized as carbon sources by various soil organismas. These We suggest, therefore, that in P. putida a primitive gallate dioxygenase, when modified by mutations, might have provided an effective intradiol dioxygenase for protocatechuate. By contrast, P. testosteroni already possessed a gallate dioxygenase that rapidly attacked protocatechuate, and the effective degradation of this substrate could then be accomplished by other means, namely by recruiting a suitable dehydrogenase for the product of ring fission. Enzymes for the ,-ketoadipate pathway can be induced in P. testosteroni and P. acidovorans, but Ornston and Ornston (17) have argued convincingly that they serve the purpose of metabolizing ,-carboxy-cis,cis-muconate found in nature. Similarly, P. acidovorans synthesizes inducibly all the enzymes needed to convert catechol intof -ketoadipate, and this pathway is likewise believed to operate for utilizing muconic acids, rather than aromatic acids (19) . The most important natural precursor of catechol is usually assumed to be benzoic acid, which is degraded by enzymes of the gentisate pathway in the strain of P. acidovorans investigated (25) . The significance of this organism's capacity to metabolize catechol in addition to muconates therefore is not evident, although catechol, like other dihydric and trihydric phenolic compounds and muconates, may be formed from natural products by other microorganisms but not utilized by them instantly. Thus, Klebsiella aerogenes forms catechol by decarboxylating protocatechuate (10) .
